Effective defense against natural threats in the environment is essential for the survival of individual animals. Thus, instinctive behavioral responses accompanied by fear have evolved to protect individuals from predators and from opponents of the same species (dominant conspecifics). While it has been suggested that all perceived environmental threats trigger the same set of innately determined defensive responses, we tested the alternate hypothesis that different stimuli may evoke differentiable behaviors supported by distinct neural circuitry. The results of behavioral, neuronal immediate early gene activation, lesion, and neuroanatomical experiments indicate that the hypothalamus is necessary for full expression of defensive behavioral responses in a subordinate conspecific, that lesions of the dorsal premammillary nucleus drastically reduce behavioral measures of fear in these animals, and that essentially separate hypothalamic circuitry supports defensive responses to a predator or a dominant conspecific. It is now clear that differentiable neural circuitry underlies defensive responses to fear conditioning associated with painful stimuli, predators, and dominant conspecifics and that the hypothalamus is an essential component of the circuitry for the latter two stimuli.
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defensive behavior ͉ dorsal premammillary nucleus ͉ periaqueductal gray A nimals have evolved a set of basic, genetically preprogrammed physiological responses and behaviors to ensure survival of individuals and of the species as a whole. Effective defense against threats in the environment is one obvious function essential for survival of the individual and is coordinated by the brain. A simple explanation is provided by the species-specific defensive reaction (SSDR) theory, which postulates that the same innately determined defensive behaviors (like freezing and flight) are triggered by all perceived environmental threats-from natural predators to electric foot shocks in a laboratory protocol (1) . This seemingly limited response repertoire suggested the plausible hypothesis that an animal's defensive behavior system processes cues about predators and an artificial threat in the same way and has led to a unitary view of the neural network mediating fear responses, with the central amygdalar nucleus playing a critical role in linking fear processing and defensive responses (2) . However, it is also possible that differentiable mechanisms are engaged. Animals are naturally selected to protect themselves from dangers associated with the presence of a predator or a dominant conspecific, which evokes the sensation of fear and associated behavioral responses (3), whereas it is reasonable to postulate that, in contrast, physically harmful stimuli alone may evoke pain with or without fear.
Fear responses to predators or dominant conspecifics are comparable to other forms of goal-oriented behavior like feeding, drinking, and mating in the sense that they appear to be accompanied by strong motivation or drive followed by behaviors critical for maintaining the individual and/or the species. The hypothalamus has long been known to play an essential role in organizing and coordinating a number of goal-oriented behaviors (4) (5) (6) , and recent evidence indicates that predator-associated cue processing and predator-associated fear response expression depend on a specific hypothalamic subsystem. In fact, bilateral cytotoxic lesions restricted to the site most responsive to predatory threats-the tiny dorsal premammillary nucleus (PMD)-profoundly reduce defensive responses to a predator (7) (8) (9) (10) .
The experiments reported here were designed to test the hypothesis that the hypothalamus also plays a critical role in the processing and expression of fear responses to another natural danger-a dominant conspecific. For this, hypothalamic activation in response to a predator or a dominant conspecific was compared and it was shown that the PMD is critical for fear expression in both situations, supporting a critical role for the hypothalamus in both responses. Furthermore, despite similar behavior patterns displayed in both threatening situations, predator and dominant conspecific threats are processed by differentiable components of the fear system.
Results

Defensive Behavioral Responses to a Predator or a Dominant Conspecific.
Behavioral responses during exposure of adult male rats to a cat have already been described (11) . These experiments were repeated for a direct comparison with conspecific intruders, and previous results were confirmed: during 300-sec cat exposure, rats spent 97% of the time (279 Ϯ 4 sec) in the home cage displaying freezing behavior. Intruder conspecific rats exposed to a resident conspecific spent comparable amounts of time (235 Ϯ 40 sec) displaying passive defensive responses. Specifically, their behavior changed abruptly after the resident conspecific's initial attack. Thus, after the first attack accompanied by a painful experience (i.e., a bite), intruders remained passively frozen in the position they were left in by the resident (passive defense) during most of the observation period. However, during the attack, intruders also presented an active form of defense by trying to push the resident away, assuming an upright position with sparse boxing, and occasionally dashing away from the resident (active defense).
Spatial Pattern of Neuronal Activation After Predator or Dominant
Conspecific Exposure. After establishing that overall time spent displaying defensive behavior was similar in rats exposed to a natural predator or to a dominant conspecific under the experimental conditions established here, hypothalamic patterns of immediate early gene expression induced by exposure to a predator or dominant conspecific were determined and compared using immunohistochemistry for the protein product Fos. The pattern for 5-min cat exposure (7) was confirmed, with Fos dramatically upregulated in 4 distinct neuron populations of the medial hypothalamic nuclei and 3 in the lateral hypothalamic zone. To facilitate direct comparison with the pattern induced by exposure to a The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: lswanson@usc.edu. dominant conspecific, the results can be summarized as follows. Medially, the anterior hypothalamic nucleus, the dorsomedial part of the ventromedial hypothalamic nucleus, and the PMD presented striking Fos upregulation, with a significant but considerably weaker Fos increase in the dorsomedial hypothalamic nucleus. Laterally, the lateral preoptic area and the lateral hypothalamic area's subfornical region (and more specifically its anterior zone) responded with a remarkably robust Fos increase to cat exposure, with less intense activation in the lateral hypothalamic area's juxtaparaventricular region.
The Fos activation pattern in intruder conspecific animals was quite different from that labeled in rats exposed to a natural predator. Rostrally in the hypothalamus, at preoptic levels, intruders displayed striking Fos upregulation in a continuous band formed by the anterodorsal preoptic nucleus, the medial preoptic area (lateral to the medial preoptic nucleus), and the anteroventral preoptic nucleus, whereas somewhat more caudally, most Fos labeling was restricted to the anterodorsal and anteroventral preoptic nuclei, leaving a relatively small number of immunoreactive cells in the medial and lateral preoptic areas. At anterior hypothalamic levels, the parvicellular neuroendocrine division, and to a lesser extent the descending division of the paraventricular nucleus, presented a large number of Fos-labeled cells, contrasting markedly with parts of the medial nuclei and lateral zone that displayed relatively sparse Fos labeling. At tuberal levels, the dorsomedial nucleus stands as the hypothalamic site containing the strongest Fos immunoreactivity, followed by the ventrolateral part of the ventromedial nucleus, the tuberal nucleus, the posterior zone of the lateral hypothalamic area's subfornical region, and the arcuate nucleus. Finally, at mammillary levels, intruders presented strong Fos upregulation in both the ventral premammillary nucleus and the PMD.
For the sake of completeness, we also examined hypothalamic Fos expression patterns in resident males after the agonistic encounter. Interestingly, their hypothalamic activation pattern was reminiscent of that just described for the intruders, but with less intense Fos staining. Thus, at preoptic levels, increased Fos staining was found in the anterodorsal and anteroventral preoptic nuclei. At anterior hypothalamic levels, Fos upregulation was also found in the parvicellular neuroendocrine and descending divisions of the paraventricular nucleus, in contrast to the medial nuclei and lateral zone that presented only a few labeled cells. At tuberal levels, as found in intruders, a clear increase in Fos-labeled cells was found in the arcuate and dorsomedial nuclei, the ventrolateral part of the ventromedial nucleus, the tuberal nucleus, and the adjacent posterior zone of the subfornical region of the lateral hypothalamic area. At mammillary levels, the residents presented relatively weak Fos upregulation in the ventral premammillary nucleus, but, in contrast to the intruders, the dorsal premammillary nucleus contained only a few labeled cells. Hypothalamic patterns of neuronal activation are thus strikingly different in animals exposed to a natural predator or a dominant conspecific, although they are not entirely separate. In particular, the PMD was clearly activated in both experimental groups. Careful anatomical inspection indicates, however, that PMD activation patterns are not identical in the 2 groups (Fig. 1) . Cell count analysis confirms that exposure to a predator or a dominant conspecific massively induces Fos upregulation in the PMD (F 3,21 ϭ 129.9, P Ͻ 0.0001) and that, whereas predator exposure upregulation is centered in ventrolateral regions of the PMD (PMDvl), upregulation following exposure to a conspecific resident is centered in dorsomedial regions of the nucleus (PMDdm, Fig. 2 ; F 2,16 ϭ 187.3, P Ͻ 0.0001). Cytoarchitectonic analysis of the PMD in standard Nissl-stained sections (12) reveals that the PMDvl has more intensely stained and more tightly packed neurons, whereas in contrast the PMDdm presents somewhat larger and more sparsely scattered neurons.
In contrast to animals exposed to a natural predator or a dominant conspecific, resident males presented only sparse activation of the PMD (not significantly different from the control group), with a homogeneous distribution of Fos-labeled cells throughout the nucleus (Fig. 2) . Histograms showing for the control (n ϭ 6), cat-exposed (n ϭ 5), intruder (n ϭ 7), and resident (n ϭ 7) groups the counts of PMD Fosimmunoreactive cells (total count and specific counts for the dorsomedial and ventrolateral parts of the nucleus). Data are expressed as mean Ϯ SEM. * , differs significantly from control group, P Ͻ 0.0002; #, differs significantly from intruder group, P Ͻ 0.0002; ⅙, differs significantly from intruder and cat-exposed groups, P Ͻ 0.0002; ** , differs significantly from the ventrolateral part of the PMD of the same group, P Ͻ 0.0002.
PMD Lesions Severely Disrupt Passive Fear Responses to Dominant
Conspecifics. It is already known that PMD lesions greatly reduce defensive behavioral responses to a live cat or to cat odor alone (7) (8) (9) (10) . The massive upregulation of Fos in the PMD of rats exposed to a dominant conspecific suggests that the PMD may also play an important role in the expression of fear responses when confronted with a resident conspecific. To test this hypothesis, intruder animals with bilateral cytotoxic N-methyl-D-aspartate (NMDA) lesions of the PMD (n ϭ 9) were examined during a 5-min exposure to a male conspecific resident and were compared to animals with NMDA lesions outside the PMD (n ϭ 5) and to animals with sham lesions (n ϭ 6). Animals in the latter 2 (control) groups displayed the typical defensive behavioral pattern described above, with both passive and active components (Fig. 3) .
In sharp contrast, PMD-lesioned intruders showed major deficits in defensive behavior, as revealed by the significant interaction found between experimental groups and behavioral responses (F 4,34 ϭ 20.4, P Ͻ 0.0001; Fig. 3 ). However, they did not simply lose all ability to mount a defensive response. Instead, they basically failed to respond with passive defensive postures like freezing and the typical on-the-back position maintained after the resident leaves them alone (Fig. 3) . In contrast, PMD-lesioned intruders appeared to maintain certain key active defensive behavioral responses. They were able to keep the resident away during his attack by standing upright and sometimes boxing, and they avoided exposing the region of their back where resident bites are instinctively directed (Fig. 3) . Overall, PMD-lesioned intruders continuously sought the resident throughout the test period and never attempted to escape from the resident. Behavioral measures of fear were greatly reduced.
Importantly, the behavior of resident males during the agonistic encounter did not differ among the experimental groups in terms of the number of bites delivered to the intruders (F 2,17 ϭ 1.16, P ϭ 0.34) and in the total attack time (F 2,17 ϭ 0.67, P ϭ 0.52) during the 5-min observation period [residents tested with PMD-lesioned intruders (n ϭ 9), number of bites ϭ 6.4 Ϯ 1.2, total attack time ϭ 74.7 Ϯ 15.1 sec; residents tested with intruders with lesions outside the PMD (n ϭ 5), number of bites ϭ 4.2 Ϯ 1.6, total attack time ϭ 91.0 Ϯ 22.4 sec; residents tested with sham-lesioned intruders (n ϭ 6), number of bites ϭ 7.0 Ϯ 0.9, total attack time ϭ 101.3 Ϯ 15.6 sec].
Differential PMD Axonal Projections to the Periaqueductal gray (PAG).
The results thus far indicate that PMD lesions profoundly and selectively impair defensive behavioral responses to a predator and a dominant conspecific and that ventrolateral regions are preferentially activated in the former whereas dorsomedial regions are preferentially activated in the latter. The PMD is a major source of axonal inputs to the PAG (13), which apparently acts as a downstream mediator of PMD influences on defensive behavioral responses. To test the hypothesis that the PMDvl and the PMDdm may project to and innervate different PAG divisions, the results of experiments with injections of the exclusively anterograde pathway tracer Phaseolus vulgaris-leucoagglutinin (PHAL) centered dorsomedially and ventrolaterally were analyzed.
In an experiment with a PHAL deposit centered in the PMDvl (which responds to predatory threats), a very dense projection to the dorsolateral division and a dense projection to the dorsomedial division were observed at rostral levels of the PAG (Fig. 4A) . At caudal levels of the PAG, PHAL-labeled axons from the PMDvl provide a moderate input centered in the lateral and ventrolateral divisions. Importantly, the spatial distribution of this PMDvl-to-PAG axonal projection matches closely the pattern of Fos activation in the PAG following exposure to a predator (Fig. 4B) . A global analysis of baseline Fos expression in the PAG and Fos expression in response to cat exposure has been reported (14) .
The PHAL injection site in another experiment was centered in the PMDdm (which responds to conspecific threats). In this brain, dense terminal fields were observed throughout the lateral division of the PAG and in the dorsomedial division, whereas, in contrast, anterogradely labeled axons and terminal boutons clearly tended to avoid the dorsolateral division of the PAG (Fig. 4C) . Complementary to what was observed for predatory threat, the behavioral response to a dominant conspecific was associated with a pattern of Fos upregulation in the PAG that matched closely the PMDdmto-PAG axonal projection pattern (Fig. 4D) .
In contrast to intruders, resident males did not present a clear activation pattern in the PAG, where relatively few Fos-labeled cells were found scattered throughout the various columns.
Discussion
Recent evidence suggests that defensive responses to a predator and to fear conditioning associated with a painful stimulus use differentiable neural circuitry, rather than a common ''fear system,'' and that behavioral responses to a natural predator require participation of the hypothalamus. Here we have applied a combination of behavioral, immediate early gene expression pattern, lesion, and neuroanatomical techniques to determine whether the other major acknowledged natural stimulus of fearful behavioral responses in animals-a dominant conspecific-also requires hypothalamic involvement and whether neural circuitry activated by a predator and a dominant conspecific is similar or different. Taken together, our results indicate that the hypothalamus plays a critical role in responses to both predatory and conspecific threats and that fear reactions evoked by these different natural threat categories are processed by distinct neural pathways.
The structure-function organization of the central neural system underlying fear and other defensive behavioral responses to a predator has been greatly clarified in the last decade and may now be compared with critical parts of the circuitry underlying such responses to dominant conspecifics to provide a more complete view of the brain's fear system (Fig. 5) . Considering first the already Fig. 3 . Behavioral measurements for the sham (saline, n ϭ 6), NMDA-control (n ϭ 5), and NMDA-PMD lesioned (n ϭ 9) intruders, during a 5-min observation period after the resident conspecific's initial attack. For conspecific intruders, the total amount of time spent in exploratory and social (approach, contact with the resident, sniffing, and anogenital sniffing) behaviors and in defensive behaviors was evaluated. Defensive behaviors were further separated into passive defense (including freezing and the typical sustained on-the-back position after the resident leaves the intruder alone) and active defense (corresponding to the upright position while trying to push the resident away, boxing, and fleeing from the resident). Data are expressed as mean Ϯ SEM. * , a statistically significant difference between the marked group and both saline and NMDA-control groups for each behavioral category (P Ͻ 0.0002 in all statistically significant pairwise comparisons).
known predator defense circuitry, 3 medial hypothalamic nuclei show especially prominent Fos upregulation in rats exposed to a cat: anterior hypothalamic, dorsomedial part of the ventromedial, and dorsal premammillary (7) . The dorsomedial part of the ventromedial nucleus receives converging direct axonal inputs from 2 parts of the amygdala, the posteroventral part of the medial nucleus and the posterior part of the basomedial nucleus. The former is involved in processing predator odors (15) , whereas the latter (along with caudal regions of the lateral nucleus) responds to the totality of predator stimuli, not just to its odor (16) . In contrast, the anterior hypothalamic nucleus is positioned to receive information about the environmental context where the predator was encountered. The anterior hypothalamic nucleus is densely targeted by axonal projections from parts of the lateral septal nucleus that in turn are innervated by intermediate regions of hippocampal field CA1 and the subiculum (17) . Finally, both the anterior hypothalamic nucleus and the dorsomedial part of the ventromedial nucleus (which themselves are heavily interconnected) project massively and bilaterally to the PMD (18, 19) . Importantly, we show here that the PMDvl responds differentially to predatory threats, corresponding to the pattern of axonal inputs to the PMD from the dorsomedial part of the ventromedial nucleus and the anterior hypothalamic nucleus (18, 19) . These 3 interconnected hypothalamic nuclei have been called the defensive behavior component of the behavior control column (5) or the medial hypothalamic zone defensive system (20) .
A strikingly different pattern of hypothalamic Fos activation was observed in the conspecific rat intruder. In the medial hypothalamus it included the medial preoptic area, the ventrolateral part of the ventromedial nucleus, the ventral premammillary nucleus, and the PMD. This pattern is in general agreement with previous results in the hamster, where restricted Fos activation also occurs in the anterodorsal and posterodorsal parts of the medial amygdalar nucleus (21-23), a result confirmed here for the rat (data not shown). The medial amygdalar nucleus plays a role in social recognition, including learning and memory for socially relevant cues (24, 25) , and the anteroventral and posterodorsal parts innervate directly the medial hypothalamic nuclei shown here to upregulate Fos in conspecific intruders (26) . In contrast to parts of the medial hypothalamic circuit responsive to predatory threats, the functional role of medial hypothalamic parts activated in intruders during social agonistic encounters remains to be clarified. Interestingly, however, Fos is also upregulated (although not quite as strongly) in the same medial hypothalamic circuitry of resident males-except in the PMD where weak labeling was distributed throughout the nucleus-suggesting that this circuitry may at least partly be involved in mediating arousal following detection of socially relevant (conspecific) cues (21, 22) . Previously, the highly interconnected, sexually dimorphic ventrolateral part of the ventromedial nucleus and the ventral premammillary nuclei were included in the reproductive behavior component of the behavior control column (5) . In his analysis of the reproductive instinct, Tinbergen (27) placed fighting between conspecific opponents to establish a territory at the top of a hierarchy followed by nest building, mating, and parental behavior. Bilateral PMD lesions profoundly reduce defensive responses to predatory threats (7-10), and we show here that PMD lesions also disrupt fear responses during social agonistic encounters. In fact, PMD-lesioned intruders lost passive defensive postures like freezing and the stereotyped, sustained on-the-back position after resident departure and did not try to escape from the resident. The animals' behavior suggests that their fear of the dominant conspecific was drastically reduced while active defense responses were maintained, and they could keep the resident at bay during the attack by standing upright and boxing. In contrast, resident males displayed social aggression and no behavioral signs of fear. Correlated with this, resident conspecifics displayed weak Fos activation throughout the PMD, whereas intruders presented strong Fos upregulation in the PMDdm. Exactly how information related to cues involving the social recognition of dominant conspecifics reaches the PMDdm remains to be established neuroanatomically (Fig. 5) .
On the output side, the PMD is a major diencephalic source of projections to the midbrain PAG, which plays a critical role in organizing defensive behavioral responses (28) . We show here that the PAG responds differentially to predatory and conspecific threats such that the Fos activation pattern to a predator is matched by the axonal projection pattern from the PMDvl (where Fos is upregulated by the predator), whereas in contrast the Fos activation pattern to a dominant conspecific is matched by the terminal field from the PMDdm (where Fos is upregulated in the intruder). These findings support the conclusions that the PMD is an obligatory link between hypothalamic circuitry processing predatory and conspecific threats and PAG sites presumably involved in organizing appropriate defensive behavioral responses. In addition, our results identified distinct neuroanatomical circuitry mediating the hypothalamic processing and initiation of behavioral responses to these 2 classes of natural threats.
These 2 classes of natural threats also evoke distinct patterns of neuroendocrine and autonomic responses (23, 29) . Whereas acute exposure to either predator or dominant conspecific rapidly activates the hypothalamo-pituitary-adrenocortical axis, only exposure to the latter is associated with Fos upregulation in the parvicellular neuroendocrine division of the paraventricular nucleus (23, 29) . Thus, stress responses to predators and conspecifics are mediated by partly distinct neural mechanisms. We have also confirmed (23, 29) Fos upregulation in the arcuate nucleus of conspecific intruders, but not in animals exposed to a predator. The arcuate nucleus may be involved in mediating the opioid form of stress-induced analgesia (30), a physiological response that would be especially advantageous for defeated animals after agonistic conspecific encounters.
The prevailing view of central fear system organization emerged from paradigms using electric shock as a conditioning stimulus. On the basis of the assumption that animals display an essentially unitary defensive response to any and all types of threat, it has been suggested that a general core circuit or neural system underlies all types of fear (2) . A key node in the prevailing view of underlying circuitry is occupied by the central amygdalar nucleus, which is assumed to play a critical role in processing cues of natural threats from predators and conspecifics and transmitting relevant information to the PAG-like the role assigned here to the hypothalamus. However, this relatively well-developed neural system model for general fear responses does not apply to innate fear responses elicited by ethologically relevant threats. Thus, lesions of the central nucleus have at best marginal effects on defensive responses to a predator (31) or predator odor (32) , and latent Toxoplasma infection with parasite entry into the rodent brain, and a subsequent loss of innate defensive responses to cat odor, has no effect on fear responses to a conditioned stimulus previously paired with a shock (33) .
In summary, our results strongly support the hypothesis that fear responses to ethologically relevant threats like a predator or a dominant conspecific are comparable to other types of goaloriented behaviors inasmuch as they are accompanied by complex, integrated neuroendocrine, autonomic, and behavioral responses and inferred powerful motivational components. As is the case for other classes of goal-oriented behaviors like ingestion and reproduction, our data fully support the view that the hypothalamus plays an essential role in integrating defensive responses to lifeendangering natural threats and further indicate that different neural circuits mediate hypothalamic processing and behavioral responses to different classes of natural threats.
Materials and Methods
Animals and Housing. Adult male Wistar (n ϭ 46) and Long Evans (n ϭ 27) rats, weighing respectively Ϸ250 and 600 g and obtained from local Sã o Paulo breeding facilities, were used in the present study. The animals were kept under controlled temperature (23°C) and illumination (12- Cat Exposure Test. As described elsewhere (11), adult male Wistar rats (n ϭ 5) were individually placed in a clear Plexiglas apparatus consisting of a 25 ϫ 25 ϫ 25-cm home cage connected to another 25 ϫ 25 ϫ 25-cm chamber (the food compartment) by a hallway 12.5 cm wide and 100 cm long, with 25-cm-high walls. During 10 days, each animal was isolated in the home cage, and at the beginning of the dark phase he was allowed to explore the rest of the apparatus and obtain food pellets stored in the food compartment. On day 11, the rat was exposed to an adult male cat that was placed and held in the food compartment by an experimenter for 5 min.
Resident-Intruder Paradigm. The basic protocol described by Miczek (34) , which has the advantage on not employing aversive experimental stimuli to evoke defensive behavior, was used. Residents were 4-month-old male Long Evans rats that were housed individually in a clear Plexiglas chamber (45 ϫ 45 ϫ 30 cm) with a Wistar female for 3 weeks. On the test day, the female was removed and an unfamiliar Wistar male intruder was placed in the home chamber. After the first resident attack with a painful experience (i.e., a bite), resident and intruder were left together during a 5-min observation period.
Behavior Analysis. The rat's behavior during testing was recorded under 50-W red light illumination with a horizontally mounted video camera. Behaviors were scored by a trained observer using the ethological analysis software The Observer (Noldus). During cat exposure, the following behavioral items were individually encoded: locomotion, grooming, freezing, crouch-sniff, rearing, stretch-attend posture, and stretch-approach. For conspecific intruders, we evaluated the total amount of time spent in exploratory and social (approach, contact with the resident, sniffing, and anogenital sniffing) behaviors, and in defensive behaviors, which were separately grouped into passive (i.e., freezing and the typical onthe-back position maintained after the resident leaves them alone) and active (i.e., upright position with sparse boxing and dashing away from the resident) forms of defensive responses. In addition, for conspecific residents we evaluated the number of bites delivered to the intruder and the total time they presented attack behaviors, including lateral attack, on-top position, and offensive upright.
Fos Immunohistochemistry. For the Fos immunohistochemistry experiments we used animals that were isolated for 24 h and kept undisturbed (control group, n ϭ 6), cat-exposed rats (cat-exposed groups, n ϭ 5), and both intruders (n ϭ 7) and residents (n ϭ 7) from the resident-intruder test. Ninety minutes after the testing procedures, animals were deeply anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and perfused transcardially with a solution of 4.0% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4; the brains were removed and left overnight in a solution of 20% sucrose in 0.1 M phosphate buffer at 4°C. The brains were then frozen and 4 series of 30-m-thick sections were cut with a sliding microtome in the frontal/transverse plane. One series was processed for immunohistochemistry with anti-Fos antiserum raised in rabbit (Ab-5; Calbiochem, lot no. D09803) at a dilution of 1:10,000. The primary antiserum was localized using a variation of the avidin-biotin complex system. In brief, sections were incubated for 90 min at room temperature in a solution of biotinylated goat anti-rabbit IgG (Vector Laboratories) and then placed in the mixed avidin-biotin horseradish peroxidase (HRP) complex solution (ABC Elite Kit; Vector Laboratories) for the same period. The peroxidase complex was visualized by a 10-min exposure to a chromogen solution containing 0.02% 3,30 diaminobenzidine tetrahydrochloride (DAB; Sigma) with 0.3% nickel-ammonium sulfate in 0.05 M Tris buffer (pH 7.6), followed by incubation for 10 min, in chromogen solution with hydrogen peroxide (1:3,000) to produce a blue-black product. The reaction was stopped by extensive washing in potassium PBS (KPBS; pH 7.4). Sections were mounted on gelatin-coated slides and then dehydrated and coverslipped with DPX (Sigma). An adjacent series was always stained with thionin to serve as a reference series for cytoarchitectonic purposes. Rat neuroanatomical parceling and mapping procedures follow Swanson (12) .
NMDA Lesions. For the lesion procedure, rats were deeply anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and were placed in a stereotaxic apparatus. Bilateral iontophoretic deposits of a 0.15-M solution of NMDA (Sigma) were placed in the PMD of 14 animals, and control saline injections were made in another 6 rats. NMDA deposits were produced over 10 min through a glass micropipette (20-m tip diameter), using a constant-current device (model CS3, Midgard Electronics) set to deliver Ϫ8 A, with 7-sec pulse and interpulse durations. Animals recovered for 2 weeks after surgery before resident-intruder testing began. PHAL experiments. Eight animals received a single injection of PHAL (Vector) into the PMD. First they were anesthetized with a mixture of ketamine and xylazine (vol/vol; 1 mL/kg body weight), and then the iontophoretic injection of a 2.5% solution of PHAL in 0.1 M sodium PBS, pH 7.4 (35) , was made over 10 min through a stereotaxically positioned glass micropipette (10-m tip diameter) by applying a ϩ5 A current, pulsed at 7-sec intervals, with a constant-current source (model CS3, Midgard Electronics). After a survival time of 14 -16 days the animals were perfused and the brains processed as described for Fos immunohistochemistry. One series of sections was processed for immunohistochemistry with an antiserum directed against PHAL (Dako) at a dilution of 1:5,000, and the antigenantibody complex was localized following the procedure described for Fos immunohistochemistry. The sections were mounted on gelatin-coated slides and then treated with osmium tetroxide to enhance visibility of the reaction product. Slides were then dehydrated and coverslipped with DPX. An adjacent series was always stained with thionin to serve as a reference for cytoarchitecture.
Quantification of Fos-Labeled Cells.
Counts of the number of Fos-immunoreactive neurons were evaluated by an observer without knowledge of the animal's experimental status and were generated for the PMD at the level where the nucleus presents its largest size by using the 10ϫ objective of a Nikon Eclipse E600 microscope equipped with a camera lucida. For the quantification of PMD Fos labeling we first delineated the borders of the nucleus and identified the PMDdm and PMDvl with the aid of adjacent Nissl-stained sections, and the numbers of Fos-labeled cells were counted separately for each distinct region of the nucleus.
Statistical Analysis.
A parametric analysis of variance (ANOVA) was applied to each set of experimental data, previously tested for homogeneity of variances and correlations between means and variances. The significance level was set at 5%, and where a significant main and/or interaction effect was found, the ANOVA was then followed by a post hoc analysis (Tukey's honestly significant differences test) for pairwise comparisons.
